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We investigate coherent single surface-plasmon transport in a metal nanowire strongly coupled to
two colloidal quantum dots. Analytical expressions are obtained for the transmission and reflection
coefficients by solving the corresponding eigenvalue equation. Remote entanglement of the wave
functions of the two quantum dots can be created if the inter-dot distance is equal to a multiple
half-wavelength of the surface plasmon. Furthermore, by applying classical laser pulses to the
quantum dots, the entangled states can be stored in metastable states which are decoupled from
the surface plasmons.
PACS numbers: 03.67.Bg, 42.50.Ex, 73.20.Mf, 73.21.La
I. INTRODUCTION
Colloidal quantum dots (QDs) are fluorescent core-
shell semiconductor nanocrystals with tunable lumines-
cence properties (e.g., broad excitation spectra, narrow
emission spectra, and size-dependent emission), which
have recently attracted much attention for their ability
to act as photon detectors1.
When a light wave strikes a metal surface, it can ex-
cite a surface-plasmon-polariton: a surface electromag-
netic wave coupled to plasma oscillations. Recently, the
concept of plasmonics, in analogy to photonics, has re-
ceived much attention since surface plasmons (SPs) re-
veal strong analogies to light propagation in conventional
dielectric components2–4. For example, it is now possible
to confine them to subwavelength dimensions5 leading
to novel approaches for waveguiding below the diffrac-
tion limit6. The combination of subwavelength con-
finement, single-mode operation, and the relatively low-
power propagation loss of SP polaritons could be used
to miniaturize existing photonic circuits7. Furthermore,
the strong coupling between SP and emitters8 can be
utilized to enhance infrared photodetectors9, the fluores-
cence of QDs10, and light transmission through metal
nanoarrays11. High-field surface plasmon confinement
was also used to demonstrate an all-optical modulator12,
to provide an extra degree of freedom for information
storage13, and to estimate the reflectivity of structures
or surface roughness14.
In a related context, advances in quantum informa-
tion science have promoted an experimental drive for
physical realizations of highly-entangled states15. Suc-
cesses have been obtained within quantum-optical and
atomic systems15. However, due to scalability require-
ments, solid-state realizations of such phenomena are
promising16–18. Furthermore, while initial attention has
been focused on the coupling between nearby qubits with
local interactions19–21, entangling arbitrary pairs of re-
mote qubits is still an important goal. Circuit quan-
tum electrodynamics (QED), for example, is one promis-
ing candidate to couple two distant qubits via a cavity
bus19,22.
Motivated by these recent developments in plasmon-
ics and quantum information science, we propose a novel
scheme that can entangle two remote QDs coupled to
a metal nanowire. The idea is inspired by recent ex-
periments showing single surface plasmons in metal-
lic nanowires coupled to QDs23. We use a real-space
Hamiltonian24 to treat the coherent surface-plasmon
transport in the wire coupled to two dots. The transmis-
sion and reflection spectra of SPs for both single QD and
double QDs cases in the non-linear quadratic dispersion
regime has been studied in our previous work25. In that
work the scattering spectra reveals a Fano resonance due
to the interference between localized and delocalized SP
channels. Here, we focus on the entanglement generation
through the scattering of SPs in linear dispersion relation
regime. In the limit of infinite Purcell factor, P → ∞,
we find that maximally entangled states can be created
if the separation between the two dots is equal to an
integer multiple half-wavelength of the optical plasmon.
Furthermore we show the entangled state information can
also be stored in metastable states, which are decoupled
from the surface plasmons, by separately applying classi-
cal laser pulses to each QD. The storage efficiency of the
entangled states is equal to (1− 1/P ).
A similar scheme was also recently proposed indepen-
dently in Ref. [26,27], who solved a similar setup using
a master equation description of the two quantum dots.
Their findings are consistent with our results, with the
maximum of the concurrence occurring at the same val-
ues of the dot distance. Furthermore, they show the
concurrence behavior as a function of time, for a sin-
gle initial excitation, which illustrates that indeed the
concurrence exists on an experimentally accessible time-
scale. The approaches used are very different: we use a
real-space scattering formulation, in contrast with their
2master equation. We stress that the reflection and trans-
mission coefficients computed here can be directly ac-
cessed experimentally, which is not easy to do by other
methods. Furthermore, we have considered the impor-
tant effects of Ohmic loss. Moreover, we propose a way
to store the entanglement produced in this manner.
II. PLASMON SCATTERED BY TWO
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FIG. 1: (Color online) Schematic diagram of a metal nano-
wire coupled to two QDs. A single surface plasmon injected
from the left is coherently scattered by the dots.
When a colloidal semiconductor QD is placed close to
a metal nanowire, a strong coupling between the QD
exciton and SP can occur28–30, as in traditional cavity
QED31. As shown in Fig. 1, the system we consider here
is composed of two nominally identical QDs, both with
energy spacing h¯ω0, separated a distance d, near a cylin-
drical metal nanowire. We assume that a surface plas-
mon emitted from a source QD is incident from the left
with energy Ek = vgk. Here, vg and k are the group
velocity and wavevector of the incident SP, respectively.
Since the SP is propagating on the surface of the metal
nanowire, it inevitably suffers from dissipation (such as
Ohmic loss). As a result, the source of the incoming plas-
mon (e.g. an additional QD) must be placed close to the
first QD to minimize the initial losses (i.e. those which
occur before the plasmon reaches the two-dot region).
We also propose a practical way to further minimize all
the dissipation affects in the next section. The dissipa-
tion terms are included as an imaginary energy in the
non-Hermitian effective Hamiltonian32,33, which can be
written as
H =
∑
j=1,2
h¯
[
ω0 − i
(
Γ′
2
)]
σej ,ej +
∫
dk h¯vg|k|a†kak
−h¯g
∫
dk
[(
σ
(1)
+ + σ
(2)
+ e
ikd
)
ak + h.c.
]
−ih¯sin(k0d)
2k0d
γ0
(
σ
(1)
+ σ
(2)
− + σ
(1)
− σ
(2)
+
)
,
(1)
where σej ,ej = |ej〉〈ej | represents the diagonal element
and σ
(j)
+ = |ej〉〈gj | represents the off-diagonal of the j-
th QD operator, and a†k is the creation operator of the
surface plasmon. Here, k0 = ω0/vg, and g is the coupling
constant between the excitons and SP. The term in the
last line,
ΓSR =
[
i sin(k0d)
2(k0d)
]
γ0, (2)
is the contribution from the collective decay (Super-
Radiance, hence the super-index “SR”) effect34, with γ0
being the exciton decay rate into free space, and
Γ′ ≡ γ0 + Γ0, (3)
is the total dissipation including the decay rate into free
space γ0 and other dissipative channels (for example, the
Ohmic loss) Γ0. We can include the Ohmic loss of plas-
mons during the scattering process in this way because a
loss of the plasmon is equivalent to a lose of the excitation
in the quantum dots. In addition,
δ ≡ Ek
h¯
− ω0, (4)
is the detuning between the incident SP energy with Ek
and the QD exciton energy ω0.
The validity of this non-Hermitian form relies on the
fact that Γ′ is small and that we only consider one exci-
tation. Hence we do not need to consider the effect of the
quantum jump terms one usually needs for a full descrip-
tion of the system33,35. However, this implies that there
is a certain time scale of decay of the highly-entangled
state into other modes, even if they are not emitted into
the surface-plasmonic environment (though typically the
Purcell factor is large, so emission into SPs will dominate
any decay process). This reinforces the need to transfer
the fragile entangled state to a metastable state.
Since we are only interested in the case where the in-
cident SP is nearly-resonant with the two QDs, we can
rewrite
∫
dk h¯vg|k|a†kak as
∫
dk h¯vgk(a
†
R,kaR,k+a
†
L,kaL,k)
and (σ
(1)
+ + σ
(2)
+ e
ikd)ak as (σ
(1)
+ + σ
(2)
+ e
ikd)(aR,k + aL,k).
Transforming Eq. (1) into real space, one obtains
H = h¯
∫
dx
{
−ivgc†R(x)
∂
∂x
cR(x) + ivgc
†
L(x)
∂
∂x
cL(x)
+h¯g
∑
j=1,2
δ(x− (j − 1)d)
[
c†R(x)σ
(j)
− + cR(x)σ
(j)
+
+c†L(x)σ
(j)
− + cL(x)σ
(j)
+
]}
+
∑
j=1,2
h¯
[
ω0 − i
(
Γ′
2
)]
σej ,ej
−ih¯sin(k0d)
2k0d
γ0
(
σ
(1)
+ σ
(2)
− + σ
(1)
− σ
(2)
+
)
, (5)
where c†R(x) [c
†
L(x)] is a bosonic operator creating a right-
going (left-going) surface plasmon at x.
The eigenstate with energy matching the incoming
3plasmon Ek = vgk can be written as
|Ek〉 =
∫
dx
[
φ+k,R(x)c
†
R(x) + φ
+
k,L(x)c
†
L(x)
]
|g1, g2〉 |0〉sp
+
∑
j=1,2
ξkjσ
(j)
+ |g1, g2〉 |0〉sp , (6)
where ξkj is the probability amplitude that the j-th QD
absorbs the surface plasmon and jumps to its excited
state, and |g1, g2〉 |0〉sp means that both, QD-1 and QD-
2, are in their ground states with no SPs. For a single SP
incident from the left, the scattering amplitudes φ+k,R(x)
and φ+k,L(x) take the form{
φ+k,R(x) ≡ exp(ikx) [θ(−x) + a θ(x)θ(d − x) + t θ(x− d)] ,
φ+k,L(x) ≡ exp(−ikx) [r θ(−x) + b θ(x)θ(d − x)] ,
(7)
where θ(x) is the unit step function which equals
unity when x ≥ 0 and zero when x < 0. More-
over, t and r are the transmission and reflection am-
plitudes, respectively, and [a exp(ikx)θ(x)θ(d − x)] and
[b exp(−ikx)θ(x)θ(d − x)] represent the wavefunction of
the SP between 0 and d. By solving the eigenvalue equa-
tion H |Ek〉 = Ek|Ek〉, one can analytically obtain the
reflection and transmission coefficients of single surface
plasmon scattering32,33. Doing so we obtain the follow-
ing relations for the coefficients

g
(
2aeikd + 2be−ikd
)− ΓSR ξk1 =
(
δ + iΓ
′
2
)
ξk2 ,
g (1 + a+ r + b)− ΓSR ξk2 =
(
δ + iΓ
′
2
)
ξk1 ,
a = 1 +
gξk1
ivg
, b =
gξk2
ivg
exp(ikd),
t = 1 + g
ivg
[ξk1 + ξk2 exp(−ikd)] ,
r = g
ivg
[ξk1 + ξk2 exp(ikd)] ,
(8)
The transmission and reflection amplitudes can then be
determined algebraically. In the following discussion, we
refer to the decay rate into surface plasmon modes as
Γpl = 4pig
2/vg. This is convenient way to compare the
strength of the plasmon-dot coupling and other decay
channels.
A. Reflection and transmission of surface plasmons
First of all we analyze the reflection and transmission
properties. Figure 2(a) numerically displays the trans-
mission coefficient T = |t|2 (dashed lines) and reflection
coefficient R = |r|2 (solid lines) for different values of the
inter-dot distance d. The peak positions of the reflection
coefficients sometimes deviate from the center (δ = 0).
Figure 2(c) shows the peak position as a function of kd.
The continuous green (dotted blue) curve represents the
result with (without) the super-radiant effect. As can
be seen in Fig. 2(c), not only the interference from the
inter-dot separation, but also the super-radiance affects
the positions of the peaks. This is the only real contri-
bution the super-radiance term makes to our results. Its
effect on the entanglement, discussed in the next section,
diminishes quickly as a function of d, thus we omit it
completely in that treatment (see methods).
Figure 2(b) shows that the amplitude r of the reflec-
tion coefficient R is suppressed when increasing the non-
radiative loss Γ0. The inset in Fig. 2(b) is the scattering
spectrum versus detuning δ of a single SP incident on
two QDs with kd equal to an integer multiple of pi. When
kd = 2npi [(2n+1)pi], with n being an integer, the phase
difference of the SP between the two QDs is in-phase (pi
phase difference). This makes the two QDs collectively
act like a single QD and results in an identical spectrum
to the single QD case33. Note that the reflection coeffi-
cient R(δ) has one minimum when δ < 0. Without the
super-radiant effect, the positions of the minima, δmin,
can be deduced from Eq. (8) and satisfy the following
relation:
− tan2(kd) = −4
(
δmin
Γpl
)2
−
(
Γ′
Γpl
)2
, (9)
where Γpl is the QD exciton decay rate into SP modes,
and R(δmin) = 0 . If there is no reflection (r = 0), one
can say that Eq. (9) is the resonant tunneling condition
for a photon traveling through two QDs. This r = 0
minimum can be seen close to δ = 0 in Fig. 2(b). Note
that our R(δ) and T (δ) are not symmetric around δ = 0.
This is because: (i) the incoming wave meets two scat-
terers, instead of one; and (ii) because we are considering
the effects of super-radiance. Without the conditions (i)
and (ii), (e.g., when d = 0) we would recover the Breit-
Wigner scattering resulting in a symmetric Lorentzian,
as opposed to the asymmetric forms we obtain for R(δ)
and T (δ).
B. Entanglement generation
The transmitted or reflected SP propagating on the
surface of the nanowire can be detected by the detec-
tors at both ends of the nanowire23. Equations (1) and
(2) oppositely imply that if there is no transmission or
reflection SP detected at the two ends of the wire, the
wavefunction is projected onto the state
∑
j=1,2
ξkjσ
(j)
+ |g1, g2〉 |0〉sp . (10)
This means that it is possible to create entanglement
between the two dots. However, this projection, or post-
selection, requires minimal Ohmic loss. This can be mit-
igated using the meta-stable states and waveguides dis-
cussed in the next section. Let us first consider the limit
of P →∞ (P ≡ Γpl/Γ′). Two special cases for achieving
high entanglement are kd = 2npi and (2n+1)pi, for which
the amplitude ξk1 is equal to ξk2 or −ξk2 , respectively. In
this case, the two-dot qubits become triplet- or singlet-
entangled if no surface plasmons are detected at the two
ends of the wire.
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FIG. 2: (Color online) Transmission probabilities T = |t|2
(dashed lines) and reflection probabilities R = |r|2(solid lines)
for a single surface plasmon scattered by two quantum dots,
as a function of detuning δ = Ek/h¯ − ω0. In the figures,
γ0 and Γ0 are normalized to the decay rate into the surface-
plasmon modes Γpl, and we have chosen γ0 = Γ0 = 0.025Γpl
in (a), and kd = pi/4, γ0 = 0.025Γpl in (b). (c) shows the
peak positions of the reflection probabilities as a function of
kd. The continuous green (dotted blue, top) curve represents
the result with (without) the super-radiant effect. (d) refers
to a surface plasmon incident on a single QD33, which is also
the case for two QDs with kd equal to a multiple of pi.
 
 
  
 
(a) 
(b) 
 
 
 
 
 
 
 
 
 
FIG. 3: (Color online) (a) Concurrence C of the two-dot
qubits as functions of the inter-dot distance d and detun-
ing δ in the limit P → ∞. (b) shows the density plot of
(a): the white regions correspond to high entanglement, with
concurrence around 1. The red vertical dashed lines refer to
kd = 2npi, while the blue vertical dashed line denotes the
kd = (2n + 1)pi case. Both of these conditions achieve high
entanglement.
To demonstrate the degree of entanglement, Fig. 3
shows the concurrence36 C of the two-dot qubits as func-
tions of the inter-dot distance and detuning δ. The con-
currence quantifies the degree of entanglement of two
qubits. For our system, the density matrix of the two-dot
state is a pure state density matrix, and the concurrence
simply takes the form,
C =
2|ξk1 | · |ξk2 |
|ξk1 |2 + |ξk2 |2
. (11)
The red dashed line in Fig. 3(b) refers to kd = 2npi, while
the blue dashed line refers to kd = (2n+1)pi. In addition
to the special cases mentioned above, there are several
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FIG. 4: (Color online) The phase factor θ of the entan-
gled state ξk1 |e1, g2〉 + e
iθ · ξk2 |g1, e2〉 in the limit of large
d, when super-radiance is negligible. The continuous black
(top), dashed red, and dotted blue (bottom) curves represent
the results for Γ′ = 0, 0.025Γpl, and 0.125Γpl, respectively.
curved “tangent-shaped” regions satisfying the condition
of high entanglement, C ≈ 1. In the limit of large d, we
can neglect the effect of super-radiance and find that the
equation of these curved regions are given by
δ = −
(
Γpl + Γ
′
2
)
tan(kd). (12)
The physical meaning of this condition is that even if
the energy for the incident SP is not resonant with the
qubit energy h¯ω0, it is still possible to create a highly-
entangled state, but only if the two dots are placed at
the right locations. In this case, the entangled state now
becomes ξk1 |e1, g2〉+eiθ · ξk2 |g1, e2〉, i.e. there is an extra
phase θ between |e1, g2〉 and |g1, e2〉.
Figure 4 shows the variations of the phase θ as a func-
tion of the detuning δ. In the limit of large d, there is no
super-radiance and the continuous black (top), dashed
red, and dotted blue (bottom) curves represent the re-
sults of Γ′ = 0, 0.025Γpl, and 0.125Γpl, respectively. As
can be seen in Fig. 4, once the dissipative loss Γ′ is non-
zero, the phase suddenly changes from pi (top black line)
to 0 (red and blue curves) when δ = 0. However, the
scattering treatment we use here does not truly reflect
the dynamics of the coupled system: in reality, it takes
a finite time for the plasmon to mediate the entangle-
ment between the two dots. During this finite time, the
entangled state will undergo decoherence, even if no plas-
mon is emitted to the left or right. Thus this “high en-
tanglement” value will, in practice, be reduced (e.g., by
emission of the QDs into other modes).
For finite Purcell factor P , the entanglement between
the two QDs will be suppressed by the dissipation (Γ′).
In the absence of further emission of a surface plasmon
(e.g. because of ideal post-selection, or transfer to the
metastable state, see next section) the entangled state
will decay exponentially due to the losses into free space
γ0. This behavior is trivial, so we do not show it here. All
of this implies the creation of the entangled state truly
depends on Γpl dominating over the all decay channels
(which is feasible33), and fast transfer of the entangled
state into a metastable state. We discuss this in the next
section.
III. ENTANGLEMENT STORAGE
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FIG. 5: (Color online) Schematic diagram of the storage pro-
cess of the initial entangled state into metastable entangled
states, |s1, g2〉 ± |g1, s2〉, with classical optical pulses Ω1(t)
and Ω2(t). To avoid the possibility of strong losses in metal
nano-wires, a dielectric waveguide is introduced to achieve re-
mote entanglement. In the three-level diagram, the subscript
j (j = 1 or 2) labels each QD.
One might argue that the entangled states created in
this manner are fragile because the QDs are still coupled
to the SPs. The entanglement would rapidly disappear
either due to radiative or non-radiative losses or the SP
would eventually escape and be detected (or lost dur-
ing propagation in the nano-wire). The entangled state
exists only on a very short time-scale (see Appendix B
for further discussions on this time-scale). To overcome
this, one can consider multilevel emitters, such as the
three-level configuration33 shown in Fig. 6. Metastable37
states, |s1〉 and |s2〉, are decoupled from the SPs, but are
resonantly coupled to |e1〉 and |e2〉, respectively, via a
classical optical control field with Rabi frequencies Ω1(t)
and Ω2(t). Here, the metastable states mean that the re-
laxation times of the states |s1〉 and |s2〉 are much longer
than that of the excited states |e1〉 and |e2〉.
Three remarks about experimental realizations should
be addressed here. First, for the realization of the cou-
pling between a metal nanowire SP and the two QDs,
colloidal CdSe/ZnS QDs and a silver nanowire are ideal
since the exciton energy of CdSe/ZnS QDs is around 2-
2.5 eV, compatible with the saturation plasma energy23
(≈ 2.66 eV) of the silver nanowire.
Second, the SPs inevitably experience losses as they
propagate along the nanowire, which limits the feasibil-
ity of creating remote entanglement. One solution to
this problem would be to couple the two dots to two
6separate nanowires, as shown in Fig. 6. Also, the wires
are evanescently coupled to a phase-matched dielectric
waveguide33,38. In this case, one can have both the ad-
vantages of strong coupling to the SPs, and long-distance
transport through the dielectric waveguide.
Third, once the entangled state has been prepared, how
can it be detected? One possible procedure is to use
ultra-fast optical tomography as outlined in Ref. [39].
This would allow to reconstruct the density matrix of
the effective two-dot (qubit) system (which in practice
will be a mixed state due to environmental effects, and
the inevitable decay of the meta-stable states), and con-
sequently obtain the concurrence of the two dots.
IV. SUMMARY AND CONCLUSIONS
In summary, we have examined the scattering proper-
ties of the SPs in a metal nanowire coupled with two QDs.
Both the dissipative losses and the super-radiant effect
are found to influence the scattering properties. We then
used this system to propose a scheme to create a remote
entangled state between the two QDs. Using metastable
states and waveguides this might be possible even in the
presence of metal and radiative losses. In future work one
could consider how the presence of entanglement could
be tested with the Bell Inequality by scattering another
plasmon off the entangled two-dot state and performing
scattering measurements akin to those proposed for edge
states in quantum Hall systems40.
In addition, this proposal can also be applied to other
physical systems. For example, one can easily extend
this to photons (e.g., in transmission lines or waveguides)
coupled to qubits (e.g., superconducting qubit)32,41,42.
Acknowledgments
This work is supported partially by the National Sci-
ence Council, Taiwan, under the grant number NSC 98-
2112-M-006-002-MY3. G.Y.C. and Y.N.C. acknowledge
A. Buchleitner, F. Mintert, C. M. Li, and J. R. Johansson
for helpful discussions. N.L. is supported by RIKEN’s
FPR scheme. F.N. acknowledges partial support from
the Laboratory of Physical Sciences, National Security
Agency, Army Research Office, Defense Advanced Re-
search Projects Agency, Air Force Office of Scientific Re-
search, National Science Foundation Grant No. 0726909,
JSPS-RFBR Contract No. 09-02-92114, Grant-in-Aid for
Scientific Research (S), MEXT Kakenhi on Quantum Cy-
bernetics, and Funding Program for Innovative R&D on
S&T (FIRST).
V. APPENDIX
A. Super-radiant decay
The inclusion of the super-radiant term in the non-
Hermitian form can be justified as follows. One can
start with a master equation for the two QDs cou-
pled to external modes or with a simple application of
Fermi’s Golden rule (e.g., as in Ref. [43]). In the sin-
glet, |S〉 = 1√
2
(|e1, g2〉 − |g1, e2〉) , and triplet, |T 〉 =
1√
2
(|e1, g2〉+ |g1, e2〉, bases this master equation has sev-
eral super-radiant and sub-radiant decay terms, describ-
ing the following decay channels: via rate Γ+ for the
channel T+ → T → T−; and via the rate Γ− for the chan-
nel T+ → S → T−. Since we omit the double-occupation
terms here, only the channels from S and T contribute.
These give the following Lindblad terms in the master
equation for the density matrix of the two dots34,43,
L+ = −Γ+
2
(
|T 〉〈T |ρ+ ρ|T 〉〈T | − |T−〉〈T |ρ|T 〉〈T−|
)
,
L− = −Γ−
2
(
|S〉〈S|ρ+ ρ|S〉〈S| − |T−〉〈S|ρ|S〉〈T−|
)
.
(13)
Where
Γ± = γ0
[
1± sin(k0d)
k0d
]
. (14)
For both L− and L+, the first two terms contribute to
the non-hermitian Hamiltonian, while the last term is
the “quantum jump” term. As mentioned above, these
jump terms can be neglected in here because a loss of
excitation from either quantum dot means a loss of the
input SP. Combining the other terms, and rewriting the
singlet and triplet bases in the dot excitation basis, gives
the following contribution to the effective non-Hermitian
Hamiltonian,
HSReff = −ih¯
γ0
2
(σe1,e1 + σe2,e2)
− ih¯sin(k0d)
2k0d
γ0
(
σ
(1)
+ σ
(2)
− + σ
(1)
− σ
(2)
+
)
(15)
B. ENTANGLEMENT STORAGE
For the entanglement storage process, instead of trans-
forming Eq. (1) into real space, we represent the Hamil-
tonian under the bases of singlet, |S〉 = 1√
2
(|e1, g2〉 −
|g1, e2〉) , and triplet, |T 〉 = 1√2 (|e1, g2〉+ |g1, e2〉, states:
7H = h¯
(
ω0 − iΓ
′
2
)
(|T 〉 〈T |+ |S〉 〈S|)
−h¯g
∫
dk
{[
1√
2
(
1 + eikd
) |T 〉 〈g1, g2| ak
+
1√
2
(
1− eikd) |S〉 〈g1, g2| ak
]
+ h.c.
}
+
∫
dk h¯vg|k|a†kak, (16)
where we have adopted the approximation that the super-
radiant effect can be neglected in the limit of large d. We
now consider the general time-dependent wave function
|ψ〉 =
∫
dk[cR,k(t)aˆ
†
R,k + cL,−k(t)aˆ
†
L,−k] |g1, g2; 0〉
+cT (t) |T ; 0〉+ cS(t) |S; 0〉 (17)
+cMT (t) |MT ; 0〉+ cMS (t) |MS ; 0〉 ,
where |MS〉 = 1√2 (|s1, g2〉 − |g1, s2〉) and, |MT 〉 =
1√
2
(|s1, g2〉 + |g1, s2〉), denote the singlet and triplet
metastable states, respectively. From H |ψ〉 = ih¯∂t |ψ〉,
the state amplitudes evolve according to
d c(t)
dt
= −iδkc(t) + ig√
2
(1 + e−ikd)cT (t)
+
ig√
2
(1 − e−ikd)cS(t), (18)
where δk = vgk − ω0. The equation above refers to, in a
compact manner, to two equations: one for cR,k and the
other one for cL,−k, respectively. If Ω1(t) = Ω2(t) and
kd = 2npi, Eq. (16) can be substituted into the equation
of motion for cT (t)
d cT (t)
dt
= −Γ
′
2
cT (t) + iΩ1(t)cMT (t)
+ig
∫
dk[cR,k(t) + cL,−k(t)], (19)
which yields an integro-differential equation involving
cT (t). Imposing the reasonable constraint that the SP
storage process has no outgoing field at the end of the
wire, such that cR,k(L,−k)(∞) = 0, one can obtain an im-
plicit expression for the required pulse shape Ω1(t) and
the following equation related to the population in the
state |MT 〉
d
dt
|cMT (t)|2 =
−v2g
2pig2
(
d
dt
|ET (t)|2 − Γpl − Γ
′
2
|ET (t)|2
)
,
(20)
where
ET (t) = −
√
2piigcT (t)/vg. (21)
With the normalization condition,
∫ ∞
−∞
dt |ET (t)|2 = 1/(2vg), (22)
and assuming that the incoming field vanishes33 at t =
±∞ [i.e., ET (±∞) = 0], Eq. (17) can be integrated to
yield
|cMT (±∞)|2 = 1− 1/P, (23)
where
P ≡ Γpl/Γ′, (24)
is the effective Purcell factor. Similarly, it can be easily
shown that the storage efficiency into the |MS〉 state is
also equal to 1− 1/P , if Ω1(t) = −Ω2(t) and kd = (2n+
1)pi. Note that the metal and radiative losses on the
qubits are taken into account in the above derivation.
Therefore, the entangled states can be stored with a high
efficiency only if the Purcell factor P is large enough.
Furthermore, the two qubits could be separated far away
from each other, such that one can address one qubit
without affecting the other.
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